We present a study on the magnetic anisotropy and magnetization reversal of Fe͑110͒ islands grown on Al 2 O 3 versus the island size, the island size distribution, and the magnetic interaction between islands. For small islands magnetically connected via a polarizable capping layer, the samples behave as a uniform film with an induced uniaxial in-plane anisotropy. Magnetically isotropic samples are obtained when the islands size is increased. Transverse susceptibility measurements show that the magnetic anisotropy of the particles is macroscopically averaged due to the interisland magnetic interaction. The island size distribution is correlated to the magnetic anisotropy field dispersion. When the capping layer material is Al, a superparamagnetic behavior is found due to the absence of the interisland interaction.
I. INTRODUCTION
Research on magnetic nanostructured materials has led to the discovery of physical phenomena which have, in turn, led to technological applications such as ultrahigh-density memory devices and magnetic sensors. These physical phenomena arise from a complex interplay of finite-size effects and surface effects. 1 The latter effect becomes increasingly important when reducing the particle size because of the increase of the surface atoms to volume atoms ratio, highlighting the importance of surface and interface effects.
2 Finitesize effects affect those properties that depend on the volume of the particles. One of the most studied finite-size effects in small particle systems is superparamagnetism, since it determines the performance limit of new generation magnetic memory storage media, in which one bit of information has to be written in each single particle. Thermal instability prevents the recording of data since the nanostructures lose their "magnetic memory" in the superparamagnetic regime. To overcome the superparamagnetic limit is one of the greatest objectives in the field of nanostructures for technological applications. The magnetic anisotropy of the particles, as well as the magnitude of the interparticle interactions, plays a key role when it comes to treating the thermal instability of these systems.
In this article, we report the study of the magnetic anisotropy behavior at room temperature of Fe͑110͒ islands grown on Al 2 O 3 substrates as a function of the particle size. We also discuss the influence of interparticle interactions. The latter was studied through the modification of the material used as capping.
II. EXPERIMENTAL PROCEDURE
Fe was grown at 700°C by triode sputtering in order to favor the formation of islands.
3 In all the samples a 2.5-nmthick capping layer was grown at room temperature by triode sputtering. The capping layer material was chosen to be a ferromagnetic material ͑Fe͒, a polarizable material ͑Pt͒, or a nonmagnetic nonpolarizable material ͑Al͒. The island size and the physical contact between them were controlled by the deposition time. More details about fabrication, structure, and morphology of the samples can be found elsewhere.
3,4
The magnetic anisotropy characterization of the samples was carried out by transverse susceptibility ͑TS͒ measurements at room temperature. TS measurements performed using a transverse magneto-optical Kerr effect have proved to be a very powerful technique to obtain the magnetic anisotropy field and the anisotropy dispersion in thin films. [5] [6] [7] More recently it has also been applied to obtain an accurate picture of the magnetization processes in epitaxial Fe/ MgO heterostructures. 8 TS measurements performed by a magneto-optical Kerr effect basically consist of the application of a small alternating magnetic field h and an orthogonal steady field H both in the film plane. The Kerr signal is proportional to the component of the magnetization parallel to h͑⌬M͒. If the amplitude of h is small enough, ⌬M is proportional to the susceptibility, and then this magnitude, in a direction parallel to h, is measured as a function of H. In order to carry out the magnetic characterization of the samples, TS measurements are performed with H applied along different directions as explained in the following paragraphs. The experimental setup is described in Ref. 7 . In our case, h had a frequency of 127 Hz. The same experimental setup was used to obtain the hysteresis loops of the samples.
III. RESULTS AND DISCUSSION
In the present work we have carried out a systematic study of the transverse susceptibility of Fe nanostructures grown on Al 2 O 3 . The samples' identification, nanostructure size, and the summarized magnetic data are shown in Table I .
Atomic force microscopy ͑AFM͒ measurements showed that the samples consisted of islands with rounded tips. The average island diameter is shown in Table I . The samples with smaller islands displayed a homogeneous size distribution. By increasing the island average size, a wider distribution of island sizes was observed. 4 The insets of Figs. 1͑a͒ and 2 show the AFM images of Pt-coated films with average island diameters of d = 12 nm and d = 30 nm, respectively. A wider size distribution is displayed in the second case.
In Figs. 1͑a͒ and 1͑b͒ we show the TS vs H curves with H along the hard and easy axes, respectively, for samples with the smallest islands ͑samples 1 and 2͒. When transverse susceptibility is measured from H s ͑saturation field͒ to −H s through H = 0, different behaviors are found depending on the measurement direction and on the system under study. In the case of thin films exhibiting a very well-defined macroscopic in-plane uniaxial anisotropy, two characteristic measurement directions are considered: one with H applied along the hard axis of magnetization and another with H applied parallel to the easy axis of magnetization. In the first case two peaks are observed at the uniaxial anisotropy field value in both the positive and the negative field branches, 6 H = ±H u , and in the second case one peak should be observed at a field value at which the magnetization reverses, i.e., when H equals the coercive field in the negative branch, 5, 6 H =−H c . As can be seen in Figs. 1͑a͒ and 1͑b͒, samples 1 and 2 present a clear anisotropic behavior. The peaks observed in Fig. 1͑a͒ correspond to the uniaxial induced anisotropy and H u = 30 Oe for sample 1 and H u = 40 Oe for sample 2. This small magnetic anisotropy can be growth induced by steps in the substrate 9 or by oblique incidence. 10 The peaks observed in Fig. 1͑b͒ correspond to the field at which the magnetization reverses along the macroscopic induced easy axis. The magnetization reversal takes place in the range of 6-11 Oe for sample 1 and 11-17 Oe for sample 2. These values coincide with the H c values estimated from the hysteresis loops ͑see Table I , only the H c value along the easy axis is given, H c along the hard axis being null͒. According to the shape of the TS vs H curves for samples 1 and 2 we conclude that the magnetization reversal along the easy axis takes place mostly by domain-wall displacement, as it takes place in a narrow range of H field values. Since these samples behave like continuous thin films with an in-plane induced uniaxial anisotropy, we can conclude that the Fe islands are magnetically connected. This is consistent with the fact that Pt becomes polarized in the presence of a ferromagnetic material. 11, 12 In our case, the Fe islands are magnetically connected via the Pt layer polarization. 13 In Fig. 2 we display the TS curves for samples with medium and large islands ͑samples 3, 4, and 5͒. The shape of the curves was roughly the same independently of the direction along which H was applied. This means that the samples were isotropic. The coercive fields are given in Table I . In the case of samples 3 and 4, the two values given are the maximum and the minimum measured values. They are very similar, which is consistent with the fact that these samples were quasi-isotropic. For sample 5, H c was the same along all measurement directions ͑the sample was isotropic͒. In order to understand the TS results, we must consider that in the case of a system of noninteracting randomly oriented single domain particles, each of them with a magnetic anisotropy field H kp , three peaks are expected in the TS curves whichever the direction along which H is applied ͑the system is isotropic͒: at H = ±H kp and at H =−H c . The peaks observed at H = ±H kp are due to the contribution of the particles with the easy axis perpendicular to H. These peaks have been predicted theoretically 14 and have been confirmed by experiment.
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Three phenomena influence the shape of the experimentally observed curves in these systems: the interparticle magnetic interaction, the anisotropy field value distribution ͑anisotropy dispersion͒, and the structure texture ͑preferred easy axis orientation͒. The peak in the positive H branch of the curve must be associated with the switch of the magnetization from a direction along H to a direction along the easy axis of these particles. The transition from this direction to a direction along H again produces the peak in the negative H branch of the curve. Three common important features can be observed in the TS curves in Fig. 2 : ͑1͒ the peaks are observed for H values too low to be identified as H kp , ͑2͒ the peaks are broadened and the position is not symmetric around H =0, and ͑3͒ the expected peak at H =−H c is absent. Regarding point ͑1͒, if we consider H kp =2K p / M s , taking M s as the saturation magnetization of bulk Fe ͑1700 emu/ cm 3 ͒ we obtain K p = 88 400 ergs/ cm 3 , a value too low compared to that of the magnetocrystalline anisotropy of bulk Fe. This result can be explained as due to the interparticle magnetic interaction. When studying the magnetic anisotropy of nanostructured materials, which consist of many particles, one must take into account the difference between the macroscopically observed magnetic anisotropy and the intrinsic magnetic anisotropy of one particle. The latter can be even much larger than the corresponding magnetocrystalline anisotropy of the bulk material 16 since it may contain contributions from shape, strain, and exchange anisotropies. On the other hand, the former should become drastically smaller than the magnetocrystalline anisotropy of one single particle due to interparticle interaction. 17, 18 It should be noted here that TS measurements probe the effective macroscopic anisotropy of the system. Both anisotropies have the same value only in the case of a system of noninteracting particles. Let us call the effective anisotropy field H k in order to distinguish it from the anisotropy field of each particle H kp . The peak at H = −H k eventually merges with the peak at H =−H c . 19 Regarding point ͑2͒, the anisotropy field dispersion produces a broadening of the peaks at H = ±H k and an asymmetry of the curve.
15,20 the peaks are not symmetrically located around H = 0. In other words, the roundness of the peaks shows that the particles switch over a broad range of H values. Point ͑3͒ can be explained if we consider that the peak at −H c can be masked by the peak at H k and taking into account the structure texture. The structure texture affects basically the peak located at H =−H c . This peak is more pronounced for a completely random system and it completely vanishes for a system of perfectly oriented particles. 14 We have roughly estimated the effective magnetic anisotropy field H k of the samples as the mean value of the two observed peaks. The results are listed in Table I . From the results in Table I and the shape of Figs. 1 and 2 we can conclude that when the Fe particle size increases, the samples become isotropic and that both the anisotropy field value and the anisotropy dispersion tend to increase. This is in agreement with the morphological results obtained by AFM. In fact, when the average particle size increases, the island size dispersion increases as well, as we can see in the insets of Figs. 1 and 2 .
In order to complete our study, we have analyzed the effect of the material used as capping layer. To do so, we have also carried out transverse susceptibility measurements in samples with Fe and Al capping layers. In Fig. 3͑a͒ we show the TS curves for sample 6 ͑Fe capping layer͒. The sample is anisotropic, with a uniaxial in-plane induced anisotropy. The solid squares represent the TS for H applied along the easy axis; while the open squares represent TS for H applied along the hard axis. In the inset we show the TS in the first case in the vicinity of H = 0. As previously discussed in the case of samples 1 and 2, we can see from this figure that the magnetization reverses in a very narrow magneticfield range ͑between 10 and 11 Oe͒, in agreement with the coercive field obtained from the hysteresis loop ͑see Table I͒ . In this case, the magnetization reversal takes place in a narrower field range than in films 1 and 2. This can be explained if we consider that the Fe islands in sample 6 reverse their magnetization simultaneously. This can be explained if we consider that the Fe capping layer produces a much stronger magnetic interaction between the islands than the Pt layer, as expected. Again, we can estimate the value of the uniaxial in-plane induced anisotropy from the magnetic-field values at which the peaks in the TS with H along the hard axis are observed ͓open squares in Fig. 3͑a͔͒ as H u = 30 Oe, a value very similar to those of samples 1 and 2, which reinforces the hypothesis that the uniaxial induced anisotropy has its origin mainly in the substrate.
The sample with the Al capping was also isotropic, and the transverse susceptibility curve with H applied along any direction resulted, as shown in Fig. 3͑b͒ . The most characteristic feature of this curve is that it has only one peak, located exactly at H = 0. The inset of Fig. 3͑b͒ shows in more detail the curve in a narrower H range, in order to show that the peak at H = 0 is not a scale measurement effect, as no other peaks are observed. Similar results have been obtained by other authors studying the transverse susceptibility of Fe nanoparticles. 21, 22 On the other hand, the hysteresis loop of this sample had an S shaped closed loop, with no hysteresis. These results clearly show that this sample is superparamagnetic. A comparison of the TS curves and the results of Table  I of samples 3, 6, and 7 help us elucidate the role of the capping layer ͑see Fig. 4͒ . These three samples have a similar Fe particle diameter. At this point, it is important to know the minimum particle size, which is magnetically stable against thermal demagnetization. The free-energy barrier that the magnetic moment of a particle with anisotropy constant K 1 must overcome in a switching process is K 1 V, with V as the volume of the particle. The probability per unit time for a particle to switch is given by P = 0 exp͑−K 1 V / k B T͒, where 0 is an attempt frequency factor 23 equal to approximately 10 9 s −1 . Let us consider a spherical Fe particle with an anisotropy energy density equal to that of bulk Fe, K 1 = 4.8 ϫ 10 5 ergs/ cm 3 at T = 293 K. If we define the stability as a switching probability P of less than 10% over a specified observation time interval 0 , we can obtain the superparamagnetic radius for stability over the specified time. For example, for 1 year and 1 s: r 0 1 yr Ϸ 9 nm, r 0 1 s Ϸ 8 nm. In our case, we can consider our characteristic measurement time as the inverse of the frequency of the alternating magnetic field applied ͑127 Hz͒, so 0 Ϸ 8 ms and r 0 8 ms Ϸ 6.6 nm. Samples 1-3, 6, and 7 have Fe particles of mean radius ഛ6 -7 nm, so they can have a superparamagnetic behavior at room temperature, as effectively observed in the case of sample 7. While the particles of samples 1-3 and 6 are magnetically connected via the capping and so these samples behave as a ferromagnet, the islands in sample 7 must be disconnected in order to explain the superparamagnetic behavior.
IV. CONCLUSIONS
We have shown that the magnetic anisotropy of Fe islands grown on Al 2 O 3 depends dramatically on the size of the islands, the distribution of sizes, and the magnetic interaction between the islands. For smaller island size magnetically connected via a capping layer, the samples behave as a continuous film with an induced in-plane uniaxial anisotropy. When the island size increases, the samples become isotropic. The transverse susceptibility measurements in these systems would allow the determination of the magnetic anisotropy of each island. However, the magnetic anisotropy probed macroscopically is averaged due to the magnetic interaction among the islands.
When a nonpolarizable capping layer is used ͑Al͒ a superparamagnetic behavior is observed for samples that show a ferromagnetic behavior with either a magnetic ͑Fe͒ or a polarizable ͑Pt͒ capping layer. This can be used as a hint to avoid superparamagnetism in nanostructured Fe. 
